three adhesin classes (mannose, Gal-Gal, and X) expressed by uropathogenic E. coli strains. Mannose is the receptor for common type 1 pili (Fl serotype) (56) . Gala (1) (2) (3) (4) Gal is the receptor for P blood group pili (also termed P or Gal-Gal pili) (23, 28, 29) . This digalactose moiety is contained in neutral glycosphingolipids which are found on epithelial and erythrocyte surfaces. X adhesins are a heterogeneous group of pili and afimbrial adhesins which bind to receptors other than mannose or Gal-Gal. The following receptors for X adhesins have been identified: NeuAca(2-3)Gal (S-pilus adhesin), glycophorin A (M-pilus adhesin), Dra blood group antigen (AFA-I and AFA-III adhesins), and GalNAca(1-3)GalNAc (Forsmann binding pilus or F-pilus adhesin) (15, 36, 39, 40, 48, 66) .
The role of these different adhesins in E. coli-caused urinary tract infections has been addressed in part by a number of recent epidemiologic surveys which utilize phe-of major pilin subunits (PapA) and three minor tip-located proteins (PapE, PapF, and PapG) (34, 35, 38, 64) . Transcom- plementation studies indicate that PapG is the Gal-Galspecific adhesin, although PapF is also required for receptor specificity (34) . Development of an antiadhesive vaccine is problematic, since PapG and other pilus tip proteins (PapE and PapF) are produced only in minute quantities and/or are poorly immunogenic (35) . In contrast, PapA is highly immunogenic and is the major constituent of the pilus fiber, accounting for >99.9% of its mass (35) . PapA pilus-based vaccines were assessed for their efficacy in preventing pyelonephritis in experimental murine and simian infection models (42, 50, 55, 58) . These data demonstrate the immunoprophylactic value of the PapA antigen in mice in effectively clearing homologous and heterologous Gal-Gal-piliated E. coli strains from the urinary tract. These findings are interesting for a number of reasons: (i) PapA is not required for specific binding (38) , (ii) anti-PapA immunoglobulin G (IgG) antibody does not prevent Gal-Gal binding (10, 50) , and (iii) the evidence suggests that there are cross-reacting antibodies among the different PapA pili (10, 50) .
Elucidation of the biochemistry and immunochemistry of PapA pili is important for developing broadly protective vaccines. The identification of epitopes which are uniformly expressed by uropathogenic strains is an important consideration for a potentially effective immunoprophylactic reagent. To date, the complete nucleotide sequences of F71, F72, Fll, and F13 PapA pilins have been determined (5, 9, 54, (69) (70) (71) . On the basis of an analysis of deduced amino acid sequences of mature PapA pilins which contain 160 to 168 amino acids residues (R), four regions are conveniently identified. They are the NH2-terminal region (Rl to R21), the Cys-Cys loop (R22 to R61), the variable region (R62 to R153), and the COOH-terminal region (R154 to terminus). Analyses of these PapA pilins indicate (i) high homology (76 to 87%) within the NH2 and COOH termini of the protein sequences, (ii) decreased homology (50%) among protein sequences within the Cys-Cys loop but conserved (75%) predicted secondary-structure attributes, and (iii) low homology (<50%) in protein sequences and predicted secondary-structure attributes within the variable region (69, 70) . Gal-Gal pili associated with uropathogenic strains are currently classified serologically among serotypes F7 to F13 (10, 12, 46) . In addition, uropathogenic strains can harbor multiple copy numbers of different pap operons (4, 33, 52) . They can also simultaneously express many different F serotypes (43, 44, 47 (41) . On the basis of these data, immunogenic epitopes are localized to predicted hydrophilic betaturns in the Cys-Cys loop and the variable region (59 
MATERIALS AND METHODS
Plasmids for papA sequencing. Gal-Gal pilus recombinant plasmids pDAL201B, pDAL210B, and pDAL200A were previously described (33, 50) . They were employed to determine papA pilin DNA sequences. The source of chromosomal DNA for pDAL201B and pDAL210B was E. coli C1212 (06:K2) (also termed AD111), originally isolated from a woman with acute cystitis (45, 47, 67) . The source of chromosomal DNA for pDAL200A was E. coli 3669 (02:KS), originally isolated from a woman with acute pyelonephritis (59) . pDAL201B, which harbored the pap-21 operon encoding the PapA F71 serotype, was constructed as previously described (33 (44) . Seventeen isolates were from the stools of healthy women with no history of urinary tract infection. The Gal-Gal-binding phenotype was expressed after three to six serial passages on Trypticase soy agar. The bacteria were grown for 18 h at 37°C, harvested into 0.1 M phosphate-buffered saline (PBS) (pH 7.4), and verified for Gal-Gal binding by latex agglutination (43) . Lactose absorbed to latex was used as a negative control. Inhibition of Gal-Gal binding by recombinant Gal-Gal-piliated strains was determined after 106 bacteria were preincubated for 30 min at room temperature with various concentrations of homologous hyperimmune sera (12) . Controls included HB101 bacteria and preimmune sera.
Purification of pili. Gal-Gal pili were purified from recombinant strains by a modification of the method of Brinton (8) . Briefly, each recombinant strain was grown for 20 h at 37°C on Trypticase soy agar, harvested into ice-cold 0.005 M Tris buffer (pH 8.3), and homogenized for 15 min at 2,000 rpm in a Sorvall Omnimixer. The sheared bacteria were removed by centrifugation (20,000 x g for 1 h). Pilus filaments were then precipitated in 0.1 M MgCl2-0.15 M NaCl-0.05 M Tris (pH 7.0) and collected by centrifugation. The pellet was dissolved in 0.005 M Tris buffer (pH 8.3). Six successive cycles of precipitation and solubilization with intervening centrifugation steps resulted in pure pilus preparations as defined by the presence of a single protein band on a Coomassie blue-or silver (37)-stained polyacrylamide gel in which 100 ,ug of protein was electrophoresed according to the method of Laemmli (27) . The relative molecular weights for each PapA pilin expressed by the recombinant strains were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (27) on 15% acrylamide gels. The HU849 PapA was 17.5 kDa, the DL130 PapA was 21 kDa, the DL129 PapA was 17 kDa, and the DL450 PapA was 19 kDa.
Amino acid analysis. The amino acid composition of each Gal-Gal pilus preparation was determined after performic acid oxidation (61) by 24 h of hydrolysis in 5.7 N HCI at 110°C in vacuo on a Durrum model D500 amino acid analyzer. The analysis was uncorrected for decomposition of serine and destruction of threonine during hydrolysis or for incomplete hydrolysis of leucine, isoleucine, and valine. Cysteine and methionine were determined as cysteic acid and methionine sulfone, respectively.
Amino-terminal-sequence analysis. NH2-terminal amino acid sequences of Gal-Gal pili were determined by automated Edman degradation on a Beckman model 890-C liquid-phase sequencer using a modified 0.1 M Quadral 121078 program in combination with Polybrene. Each phenylthiohydantoin derivative was identified and quantitated by reverse-phase high-pressure liquid chromatography and confirmed by back gas-liquid chromatography and/or thin-layer chromatography. Amino acids were assigned when peak-tobackground ratios were .2:1.
Antibody production. Preimmune sera were obtained from New Zealand White rabbits via cardiac puncture, filter sterilized, heat treated, and stored at -20°C. Seventy-five micrograms of each Gal-Gal pilus protein in PBS was emulsified with an equal volume of Freund's complete adjuvant and injected intramuscularly at multiple sites. Also, 108
Formalin-treated, PBS-washed HB101 cells were also administered separately to a rabbit in a fashion similar to that described for Gal-Gal pilus immunization. After 6 weeks, a booster injection with Freund's incomplete adjuvant was given. Ten days after the second immunization, the rabbits were bled by cardiac puncture. The hyperimmune sera were filter sterilized, heat treated, and stored at -20°C until used in ELISA studies.
ELISA. ELISAs were employed to screen the serological relatedness of the F serotypes in the four recombinant strains employed in this study and to determine the prevalence of anti-HU849 (F13) pilus IgG reactivity among GalGal-binding uropathogenic strains. Direct ELISAs were used to screen for the serological relatedness of HU849, DL130, DL129, and DL450 pili. In brief, microtiter polystyrene wells were sensitized with 100 ng of pili from each of the preparations in 100 ,ul of 0.1 M sodium carbonate buffer (pH 9 .6) for 16 h at room temperature. Wells were washed three times with PBS containing 0.05% (vol/vol) Brij 35 (PBS-Brij) (Sigma Chemical, St. Louis, Mo.). Hyperimmune antipili sera were serially diluted in PBS-Brij (1:100, 1:200, 1:500, 1:750, 1:1,000, 1:2,000, 1:5,000, 1:10,000, 1:25,000, 1:50,000, 1:75,000, 1:100,000, 1:200,000, and 1:500,000), and 100-plI aliquots of each dilution were added to the wells. The antibody preparations were incubated for 3 h at 37°C, and then the plates were washed three times with PBS-Brij. One hundred microliters of alkaline phosphatase-conjugated goat anti-rabbit IgG (Tago, Burlingame, Calif.) diluted 1:1,000 in PBS-Brij was added to each well and incubated for 1 h at 37°C. The plates were then washed three times with PBSBrij. Antibody bound to pili was detected by adding 100 pul of p-nitrophenylphosphate (1 mg/ml) in 1.0 M diethanolamine buffer (pH 9.8) to each well. The reaction was stopped after 20 min by the addition of 2 N NaOH, and the A405 was determined with a MicroELISA autoreader (Dynatech, Torrance, Calif.). All tests were performed in triplicate. Con Analyses of these papA sequences revealed many typical prokaryotic features for gene organization (Fig. 2) . The papA gene sequences contained characteristic prokaryotic ribosome-binding sites, ATG initiation codon signal sequences, and TAA termination codons. The three papA gene sequences contained a potential ribosome-binding site with a sequence corresponding to -AAAGAGGT. It is located 16 bases upstream from the putative ATG initiation codon (Fig.  2) . The deduced putative signal sequences for the papA genes were located 25 and 21 codons upstream from their terminal alanine residues in the pDAL200A and the pDAL201B or pDAL210B genes, respectively. The three sequences were highly conserved, viz., >80% homology (Table 1 ). Other features of these sequences were generally characteristic of most other bacterial signal sequences. These sequences contained a highly hydrophobic region comprising an amino acid stretch of Val-Val-Ser-Phe. There was a positively charge residue (viz., lysine) at the -23 or -20 position. The putative cleavage site for the signal sequence of pDAL201B and pDAL210B papA genes was characteristic of other bacterial genes. They included an Ala-Asn-Ala (pDAL201B) or Ala-Tyr-Ala (pDAL210B) triplet. The predicted cleavage site for the pDAL200A gene was different from those of most other bacterial genes. The cleavage site for the pDAL200A papA gene was an Asp-ThrVal triplet. The TAA terminator in pDAL201B and pDAL210B sequences was followed shortly thereafter by dyad symmetry (Fig. 2B and C) . This feature was consistent with rho-dependent transcriptional termination. The predicted PapA proteins were translated from an ATG triplet to an upstream TAA termination site. These predicted proteins were encoded by 163 to 167 codons. The translated amino acids predicted by these codons were confirmed by including limited NH2-terminal Edman degradation sequencing and amino acid compositions of the recombinant pili. The protein sequences of the 31, 38, and 22 NH2-terminal amino acids of DL450, DL130, and DL129 pili, respectively, corresponded to the predicted translation of codons in the open reading frame which started at the ATG codon. In addition, pilus compositions were the same as those predicted by the DNA sequences (data not shown). These data corroborate the PapA predicted amino acid sequences encoded by the papA genes.
Codon usage. The codon usage of the papA genes for DL450, DL130, and DL129 pili were analyzed by using a codon frequency computer program (14) . The pattern of codon utilization was not significantly different among the genes. In addition, selected codons read by less-abundant tRNAs in one gene were less frequent in other genes, viz., codons for Gly (GGA/G), Ile (ATA), Leu (CTA), Lys (AAG), and Pro (CCC) (data not shown).
Comparison of papA nucleotide and PapA amino acid sequences. LINEUP and GAP computer programs (14) were used to calculate the overall percent homology of the predicted mature PapA polypeptide at the nucleotide and amino acid levels in a number of pilins (data not shown). The overall homology among DL450, DL130, and DL129 pili was 72 to 75% at the nucleotide level and 73 to 74% at the amino acid level. Compared with sequences of two other PapA pilins corresponding to C1976 and HU849 pili (69), there was 60 to 82% homology of nucleotide sequences and 57 to 83% homology of amino acids among the PapA pilins. Table 1 indicates the percent homology of nucleotide sequences at specific locations within the papA genes. Among the papA genes, the signal sequences and the NH2-and COOHterminal sequences exhibited the highest overall genetic conservation. In contrast, the variable region and the CysCys loop exhibited the least overall sequence homology among the papA genes. Comparison of the genes indicated that papA genes from HU849, C1976, and DL129 strains were highly homologous. Similar results were found when the deduced amino acids were evaluated. FASTA and TFASTA computer programs (32, 49) were employed to assess homology at the amino acid level between HU849 PapA pilin and DL450, DL130, DL129, and C1976 PapA pilins. Figure 3 summarizes these comparisons. The majority of these differences occurred in two regions: the Cys-Cys loop and the variable region. The differences were assessed in terms of the type of amino acid substitutions which were made. Overall, most of the amino acid differences observed were nonconserved substitutions, except when HU849 and C1976 PapA pilins were compared. Comparisons of the substituted amino acid sequences between HU849 PapA pilin and other PapA pilins from DL450, DL130, DL129, and C1976 strains (Fig. 3) exhibited the following frequencies of nonconserved substitutions: 41 (68%) of 60 substituted residues in DL450, 32 (57%) of 56 substituted residues in DL130, 35 (67%) of 52 substituted residues in DL129, and 12 (46%) of 26 substituted residues in C1976.
Characterization of hyperimmune anti-Gal-Gal pilus sera. Polyclonal rabbit hyperimmune sera to recombinant Gal-Gal pili were elicited from DL130, DL129, DL450, and HU849 strains. The reactivities of these sera were analyzed by an 
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Comparison of deduced PapA amino acid sequences from DL450, DL130, DL129, C1976, and HU849 strains. The deduced amino acid sequences were aligned by using the FASTA 4o4 0 and TFASTA computer programs (32, 49 ELISA which employed anti-rabbit IgG enzyme conjugates. buffer alone or with HB101 bacteria (negative controls) are representative of weak or no homology (e.g., A405 s 0.75).
On the basis of these results, we have arbitrarily defined homology according to the following categories: strong (-90% ELISA inhibition), moderate (40 to 70% ELISA inhibition), and weak or none (<10% ELISA inhibition). Assignment of a strain to a particular homology category was based on A405s after preincubation with anti-HU849 pilus sera and 108 CFU of the test strains. When fewer CFU of the test strain were used, strains that originally exhibited strong or moderate homology frequently elicited A405s above their original A405s. Table 3 summarizes the pattern of reactivity of anti-HU849 sera with the 60 Gal-Gal-binding clinical isolates. The majority (87%) of the strains exhibited strong or moderate homology with this antibody preparation. Only 8 (13%) of 60 Gal-Gal-binding strains lacked epitopes bound by this polyclonal rabbit anti-pilus IgG preparation (Table 3) .
DISCUSSION
Gal-Gal pilus and PapA pilus vaccines are considered potentially efficacious immunoprophylactic reagents in the prevention of ascending E. coli-caused pyelonephritis. Data from experimental pyelonephritis in simian and murine models demonstrate that pili recipients are protected against most homologous and many heterologous Gal-Gal-piliated challenge strains (42, 50, 55, 58) . These findings suggest that there are protective epitopes contained in PapA pilins and that there might also be cross-protective epitopes in PapA pilins. In this study, we sequenced three papA genes and evaluated the serological relatedness of four PapA pilins from the recombinant strains used and from 60 Gal-Galbinding wild-type E. coli strains to determine the diversity of these proteins in order to develop new insights for formulating more-effective PapA vaccines.
We sequenced papA genes from pDAL200A, pDAL201B, and pDAL210B by the Sanger dideoxynucleotide chain termination method. The putative translated structures of these mature PapA proteins were corroborated, in part, by NH2-terminal automated Edman degradation sequencing and the amino acid compositions of the expressed pili. The primary structures of pDAL201B and pDAL210B are representative of previously published F71 and F72 serotypes and were 99.8 and 100% homologous, respectively, at the nucleotide sequence level (data not shown) (54, 69, 70) . The predicted PapA primary structure of pDAL200A was also determined and was representative of the F9 serotype. There is high homology among these papA genes and other published papA sequences (5, 54, 69, 70) . There is 60 to 82% conservation of nucleotide sequences among these genes. These data suggest that the genes are closely related in terms of evolution, as previously proposed (5, 54, 69, 70) . Further analyses of these genes (Fig. 2) support this hypothesis. The genetic organizations of the papA genes sequenced in this report and papA sequences published elsewhere are identical (5, 22, 51, 54, (69) (70) (71) . The putative ATG translational start codon for each papA sequence in this report is corroborated by NH2-terminal sequence data from the predicted translated mature PapA protein. The predicted polypeptide sequence of the mature PapA for all sequenced genes demonstrates two cysteine residues at codons 22 and 61. The NH2 and COOH termini are highly homologous (Table 1) , and the terminal amino acid for all PapA proteins is glutamine. Codon usage for papA genes is similar to that of other E. coli genes (1, 5, 73) , indicating that this gene has evolved within this species. In summary, these features suggest that pap genes diverged from a common ancestral pilus gene, as previously proposed (5, (69) (70) (71) .
There are a number of specific features regarding the proposed PapA structure for these genes which are relevant for vaccine development. The NH2-terminal amino acid R5 through R12 of F72, F8, Fll, F12, and F13 serotype peptides are characterized by a sequence corresponding to Pro-GlnGly-Gln-Gly-Lys-Val-Thr. According to in situ hybridization and anti-synthetic-peptide antibody studies (13, 58, 59) , this sequence or portions of it are found in 70 to 80% of Gal-Gal-binding uropathogenic strains. This sequence is nonimmunogenic within the native pili (59) ; however, the synthetic peptide corresponding to this sequence has antigenic properties (59) and can elicit protective antibody to prevent experimental pyelonephritis in a mouse model (58) . Antibodies directed to this common R5-to-R12 NH2-terminal epitope do not react with F9 and F71 pili (58, 59 (Fig. 3) . R65 to R79 of F71, F72, F9, and F13 serotypes have both antigenic and immunogenic properties (41, 59) . The R65-to-R79 linear sequences constitute the type-specific immunodominant PapA epitope. These epitopes also elicit protective IgG antibodies to prevent experimental pyelonephritis by homologous piliated strains in a murine model (41, 58 Polyclonal hyperimmune pilus sera were used to assess the serological properties or relatedness of four recombinant Gal-Gal pili from DL450, DL130, DL129, and HU849 strains and 60 Gal-Gal-binding wild-type E. coli strains. The hyperimmune sera raised against purified recombinant pili reacted with homologous PapA pilin ( Table 2) but also with the other recombinant PapA pilins. We are confident that the antibody reactivity is directed to PapA pilin determinants because the ELISA is not sensitive enough to detect minor pilin determinants (50) , and none of these hyperimmune sera inhibit Gal-Gal binding, as might be expected of an antiadhesin serum. These results are corroborated by other previously performed serological studies employing specific rabbit, murine, and/or human antibodies (10) (11) (12) 50) . There appear to be sufficient data to indicate that Gal-Gal pili have various PapA pilin immunogenic determinants in common, as previously observed by other investigators (10, 11, 58, 59) . In contrast, J. Hanley et al. determined that rabbit sera raised to a limited number of pili from wild-type strains exhibiting mannose-resistant hemagglutination rarely cross-react with the pili from clinical isolates exhibiting such a phenotype (18) . One explanation for their finding is that wild-type strains can simultaneously express different types of pili; e.g., C1210 can express F71, F72, Fl, and FlC pili (24) . If the pili used by J. Hanley et al. were from different classes of pili (e.g., FlC and Gal-Gal pili), it is easy to understand why there was no cross-reactivity of the immune sera among the pili.
In this report, the serological cross-reactivity of anti-pili IgG among the recombinant Gal-Gal pili can be categorized according to relative antibody-binding reactivity. Gal 
